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ZebraﬁshThe cordon-bleu (Cobl) gene is widely conserved in vertebrates, with developmentally regulated axial and
epithelial expression in mouse and chick embryos. In vitro, Cobl can bind monomeric actin and nucleate
formation of unbranched actin ﬁlaments, while in cultured cells it can modulate the actin cytoskeleton.
However, an essential role for Cobl in vivo has yet to be determined. We have used zebraﬁsh as a model to
assess the requirements for Cobl in embryogenesis. We ﬁnd that cobl shows enriched expression in ciliated
epithelial tissues during zebraﬁsh organogenesis. Cobl protein is enriched in the apical domain of ciliated cells,
in close proximity to the apical actin cap. Reduction of Cobl by antisense morpholinos reveals an essential role
in development of motile cilia in organs such as Kupffer's vesicle and the pronephros. In Kupffer's vesicle, the
reduction in Cobl coincides with a reduction in the amount of apical F-actin. Thus, Cobl represents a molecular
activity that couples developmental patterning signals with local intracellular cytoskeletal dynamics to
support morphogenesis of motile cilia.ith).
l rights reserved.© 2010 Elsevier Inc. All rights reserved.Introduction
A great deal is now known about which genes regulate pattern
formation in the vertebrate embryo, but the means by which such
information is translated into changes in cell morphology remains
poorly understood. The cordon-bleu (Cobl) gene may be a component
of the mechanistic links between patterning and morphogenesis that
underlie tissue-speciﬁc development. Coblwas originally identiﬁed in
a gene-trap insertional mutagenesis screen for genes expressed in
mouse embryonic stem cells with later tissue-speciﬁc expression
(Gasca et al., 1995). It is expressed in the early node, which is similar
to Spemann's organizer of amphibians (Harland and Gerhart, 1997),
and in the inductive tissues that derive from the node. This early axial
expression is spatiotemporally very similar to that of Sonic hedgehog
and Foxa2, genes critical for axial development (Placzek and Briscoe,
2005). After neurulation, Cobl is expressed in many developing and
adult tissues of the mouse, but always in a spatially restricted manner
(Carroll et al., 2003; unpublished observations).
Although the complete sequence of Cobl indicated it to be a novel
gene with no overall homology to any gene of known function,
database searches revealed two properties of immediate signiﬁcance
(Carroll et al., 2003). First, highly homologous genes are found in
seemingly all vertebrates, as judged by genomic and cDNA sequencing
projects. Mammals have a Cobl ortholog, but also a related butunlinked homologous gene, called Cordon-bleu like 1 (CoblL1; Carroll
et al., 2003); however, these two genes do not show overlapping
expression patterns. Second, Cobl and its orthologs have two domains
of especially high conservation: three basic, proline-rich “KRAP”
domains in the N-terminal third, a motif which is of unknown
function but whose general features suggest a role in protein binding;
and three C-terminal Wiskott-Aldrich syndrome protein (WASp)-
homology 2 (WH2) domains, which are associatedwith the binding of
monomeric actin (Paunola et al., 2002; Qualmann and Kessels, 2009).
Indeed, the WH2 domains of mouse Cobl not only bind monomeric
actin, but also together are able to nucleate long, unbranched, de novo
actin ﬁlaments (Ahuja et al., 2007). In cultured cells, knockdown and
over-expression of Cobl can alter neuronal morphology in a manner
consistent with actin cytoskeletal rearrangements (Ahuja et al., 2007).
The functional implications of Cobl as a vertebrate-speciﬁc,
spatiotemporally regulated actin nucleator are intriguing; nonethe-
less, an essential role for Cobl in vivo has yet to be identiﬁed. The
original gene-trap allele has no known phenotype per se, and by
molecular criteria is a weak hypomorph due to alternative splicing
(Carroll et al., 2003). This allele does, however, interact with the Loop-
tail (Lp) neurulation mutant such that it enhances the nature and
severity of Lp neural tube defects (Carroll et al., 2003). Mutations in
the Lp gene, VANGL2, which encodes a planar cell polarity pathway
(PCP) component, have been reported in human neural tube defects
(Lei et al., 2010). These results hint that Cobl may have a role related
to the functions of the vertebrate PCP pathway, involved in embryo
morphogenesis in physical association with cilia (Beales, 2006). Many
other gene-trap alleles of Cobl have been identiﬁed in large gene
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muenchen.de, 09.18.10), but none are reported to have been bred into
mice to test for functional consequences. Targeted “knock-out” alleles
are also yet to be reported.
Recognizing that a zebraﬁsh ortholog was likely to exist based on
database searches, we sought to use the zebraﬁsh developmental
model as a tractable alternative system for assessing the in vivo
functions of Cobl. We show that Cobl is important in the formation of
motile cilia. In vertebrates, the ﬂagella-like motile cilia are usually
formed around a 9+2 microtubule core structure. In the axoneme of
these cilia, the obligate nine outer microtubule doublets encircle two
single microtubule ﬁlaments and are all held together by a number of
associated proteins. The basal body, located just within the cell body
and derived from the mother centriole, serves as the nucleation core
for the ciliary microtubules (Marshall, 2008). Motile cilia are often
found in tissues where propagation of ﬂuid is necessary for proper
organ development or function, ranging from the establishment of
left–right asymmetry in the embryo to mucosal clearing in the adult
pulmonary tract (Roy, 2009). While motile cilia are found only in
certain epithelial tissues, a primary monocilium can be found on
virtually every cell in the mammalian body. Primary cilia are often
short and are made up of a 9+0microtubule structure, which usually
renders them immotile. Recently, cilia have been implicated as
complex signaling centers in vertebrates; they are thought to act
not only as antennae-like receivers, but also as a meeting ground
where proteins involved in signaling and morphogenesis are
concentrated (Beales, 2006; Berbari et al., 2009).
Defects in either cilia formation or function contribute to a
spectrum of diseases known as ciliopathies, which in humans can
include disorders such as deafness, retinopathies, polycystic kidney
disease, situs inversus, or chronic pulmonary infections. Defective
function of many genes has been implicated in the pathogenesis of
ciliopathies, including genes involved in intraﬂagellar transport, basal
body formation and localization, axonemal integrity, and cytoskeletal
reorganization (Tobin and Beales, 2007; Gerdes et al., 2009; Roy
2009). Despite the importance of cilia to tissue development and
function, the cellular mechanisms by which a cell provides for the
development of different kinds of cilia remain unclear. Here we
demonstrate an essential role for Cobl inmorphogenesis of motile cilia
in the zebraﬁsh.
Results
Homology searches of zebraﬁsh genomic sequences with mouse,
human, chick and Xenopus cobl cDNA sequences revealed a putative
ortholog in Danio rerio on Chromosome 16. This chromosomal region
is syntenic to the cobl-containing regions on mouse chromosome 11
and human chromosome 7. This synteny can be observed between the
zebraﬁsh, mouse and human genomes in the regions containing cobl
and two adjacent genes, grb10b (GenBank: NP_001004287) and ddc
(GenBank: NP_998507). The zebraﬁsh cobl homolog on chromosome
16 contains fourteen coding exons (GenBank: XM_686374.2), encod-
ing a predicted protein (GenBank: XP_691466) with high homology
to both mouse and human COBL (Fig. 1A) as well as to other
vertebrate orthologs (Supp. Fig. 1). Conservation is especially high in
the KRAP and WH2 domains (Carroll et al., 2003), as in all Cobl
orthologs.
A second Cobl homolog also exists in vertebrates designated Cobl-
like 1 (CoblL1; Carroll et al., 2003). Based on much higher homology
and comparable structure relative to CoblL1 as opposed to Cobl, we
conclude that two additional cobl homologs (Supp. Fig. 2) are putative
zfcobll1 orthologs, located on chromosome 9 (zfcobll1a, GenBank:
XM_686102.2 -N XP_691194.2) and chromosome 6 (zfcobll1b,
GenBank: XM_001343714 -N XP_001343750.2). There appear to be
two partially conserved KRAP domains, but no WH2 domains in
zfCoblL1a or b. Thus cobll1 orthologs are not predicted to haveredundant functions with cobl genes, and in mouse show non-
overlapping expression (Carroll et al., 2003). Based on sequence
homology and domain composition, along with expression conserva-
tion after gastrulation and similar protein localization (see below), we
conclude that the zebraﬁsh Cobl homolog on chromosome 16 is the
zebraﬁsh cobl ortholog (zfcobl).
Expression of zfcobl is enriched in ciliated epithelia
Zebraﬁsh cobl (zfcobl) is expressed maternally and is broadly
distributed in the early zygote (Fig. 1B, C), then shows tissue-speciﬁc
enrichment as early as two somites in the neural keel, and in Kupffer's
vesicle by six to eight somites (Fig. 1D). Kupffer's vesicle is involved in
axial patterning, and is analogous to the node of chick and mouse
embryos, the site of the initial Cobl expression in these species (Carroll
et al., 2003). Between 13 somites and 24 h post fertilization (hpf),
strong zfcobl expression occurs in the developing pronephric tubules,
the otic vesicle and the nasal placodes (Fig. 1E–J). In the pronephric
tubules of the 24 hpf embryo, zfcobl expression shows the highest
enrichment in the region identiﬁed as homologous to the mammalian
proximal straight tubules (Fig. 1G) (Wingert et al., 2007). This region
will contain the multi-ciliated cells of the kidney. Mouse Cobl is also
highly expressed in the internal cell layers ofmany developing tubular
organs, including the developing kidney (L. Custer and JK, unpub-
lished observations). The common feature among all the tissues
showing high zfcobl enrichment post-gastrulation is that each is a
ciliated epithelium.
Zebraﬁsh Cobl protein localizes apically in ciliated epithelia
As a means of determining subcellular localization of zfCobl, we
developed polyclonal antibodies against multiple epitopes of the
protein (Supp. Fig. 3). Anti-zfCobl staining in embryos 24-72 hpf
reveals apical localization in the ciliated cells of structures such as the
neural tube, nasal pits, and pronephric tubules (Fig. 2A–C). At higher
resolution, this staining appears as small intracellular puncta lining
the entire apical surface of the cell just below the level of the cilium.
The localization of the zfCobl protein in ciliated cells occurs in the
same region of the cell as the apical actin meshwork. Given that
mouse Cobl is an actin binding protein (Ahuja et al., 2007), we double
stained embryos for zfCobl and ﬁlamentous actin, using our polyclonal
antisera and phalloidin. We saw that the localization of zfCobl and
actin are largely overlapping at the apical ends of ciliated epithelial
cells (Fig. 2E).
As a complementary approach to determining Cobl localization
within ciliated tissues, we generated fusion proteins containing
various portions of mouse Cobl fused to the enhanced green
ﬂuorescent protein (eGFP). Transient transgenics allowed us to
identify embryos in which the presence and expression of the GFP
marker was mosaic in the pronephros, labeling single cells. This
indicated that a mouse full-length Cobl-GFP fusion is greatly enriched
in the same apical domain as the endogenous zebraﬁsh protein
(Fig. 2D). In contrast, GFP fusion proteins missing the N-terminal half
of the protein remained cytoplasmic (data not shown). This suggests
that such localization, in close proximity to the apical actinmeshwork,
requires features other than the WH2 domains. In all cases, with
either the Cobl antibodies or GFP fusion proteins, we see no evidence
for Cobl localization to the cilia themselves.
Depletion of Cobl in the zebraﬁsh embryo
There is as yet no reported loss-of-function analysis for Cobl in any
in vivo model system. Our ongoing efforts have yet to identify a useful
germ-line mutation in zfcobl. Therefore, we designed several non-
overlapping morpholino oligonucleotides (Gene-Tools, Llc.) to de-
plete Cobl function in embryos. The most effective is a splice-altering
Fig. 1. The vertebrate gene cordon-bleu (cobl) is conserved in zebraﬁsh, with enriched expression in ciliated epithelial tissues. (A) Conservation of the KRAPmotifs andWH2 domains
among zebraﬁsh, mouse and human Cobl orthologs. The two putative, conserved functional domains are colored. The proline-rich KRAP motifs show 100% amino acid sequence
similarity, while three WH2 domains show 80–95% amino acid sequence similarity among these species. (B) RT-PCR ampliﬁcation of cobl sequences from RNA harvested at
progressively later developmental stages. Zfcobl is present in eggs and embryos prior to zygotic gene expression, and is expressed at all stages thereafter. RT-PCR for gapdh is shown
as a loading control. (C) zfcobl is expressed ubiquitously at low levels during gastrulation. Here, at 90% epiboly, zfcobl shows no tissue-speciﬁc enrichment. The axial midline is
marked with a dashed line. Arrow denotes the dorsal lip of the blastopore. Tissue-speciﬁc enrichment does not appear until 2 somites, in the neural keel. (D) cobl expression in
Kupffer's vesicle, denoted by arrowhead, and in the neural keel during somitogenesis. (E) cobl expression in neural keel, pronephric anlagen, otic placode and midbrain–hindbrain
boundary. (F-J) cobl enrichment in ciliated epithelial tissues at 24 hpf. (G) Cross-section through posterior neural keel; (H) sensory placodes of the otic vesicle; (I) the pronephric
duct; (J) nasal placodes. K=KRAP, W=WH2, mhb=midbrain–hindbrain boundary, ovs=otic vesicle sensory placodes, pst=proximal straight tubule, np=nasal placode,
dbl=dorsal blastopore lip.
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boundary (splice acceptor site); it acts by blocking access of the
spliceosomal machinery to the site, resulting in either the alternative
splicing out of coding exon 2, use of a cryptic splice site in exon 2, or
the retention of intron 1 (Fig. 3A, B). Exon 2 contains the ﬁrst KRAP
motif, potentially involved in protein-protein interaction. Retention of
intron 1 creates an amino acid frame-shift and a series of premature
stop codons resulting in a protein product truncated just before the
ﬁrst KRAP motif (Supp. Fig. 4). This product would likely undergo
nonsense-mediated degradation.
Morphant embryos at 28 h post fertilization exhibited failures
in body axis elongation and straightening not seen in controls
(Fig. 3C–E). Earlier morphant embryos exhibit randomized cardiac
looping (Fig. 3F–I), while at 3 dpf and later, morphant embryos dis-
play kidney cysts and dilated medial pronephric tubules (Fig. 3J–M).
As shown below, all of these phenotypes are consistent with cilia
defects (Kramer-Zucker et al., 2005; Zhao andMalicki, 2007; Sullivan-
Brown et al., 2008).
To determine the extent to which wild-type (WT) zfcobl message
was reduced by the various morpholinos, we performed quantitative
RT-PCR using primers speciﬁc to the targeted exons. For cobl-MOa, the
data showed a 2- to 5-fold reduction in the levels of WT message
present in individual morphant embryos compared to controls. To
conﬁrm a reduction in the levels of Cobl protein inmorphant embryos,
we performed immunoﬂuorescence in whole mount specimens. For
embryos injected with cobl-MOa, anti-zfCobl staining revealed a
dramatic reduction in Cobl protein levels. The reduction of Coblstaining in ciliated tissues such as the pronephros correlated directly
with the severity of the phenotypes (Supp. Fig. 5).
Cobl is required for normal function of Kupffer's vesicle in left-right
patterning
One of the earliest roles for cilia in zebraﬁsh development is in left-
right asymmetric axis determination. Motile monocilia in Kupffer's
vesicle are responsible for creating ﬂuid ﬂow carrying left-determin-
ing factors. Defects in these cilia result in abnormal left-right axis
asymmetry (Essner et al., 2005). To address a potential role for Cobl in
cilia formation or function, we assayed molecular left-right asymme-
try in early zebraﬁsh embryos. Morphant embryos show randomiza-
tion of southpaw (spaw) and pitx2, two genes normally expressed on
the left side of control embryos from 16 to 20 somites and from 19 to
23 somites, respectively (Fig. 4). This result suggests functional
defects in Kupffer's vesicle cilia. Observation of live embryos
suggested that Kupffer's vesicle cilia are motile in morphant embryos,
but that ﬂuid ﬂow is perturbed (data not shown).
Among other morpholinos we tested, one (cobl-MOb) was
designed to straddle the intron 7–exon 8 boundary (Fig. 3A). By
blocking the splice acceptor site, it results in the splicing out of exon 8;
this leads in turn to a truncation of the protein N-terminal to the three
WH2 domains. This morpholino is also alternately capable of inducing
the retention of intron 7, resulting in a premature stop-codon
(Fig. 3B). cobl-MOb had little effect on Cobl protein levels as detected
by immunohistochemistry (data not shown), and caused only modest
Fig. 2. Apical localization of Cobl protein in ciliated epithelial tissues. (A) Whole mount confocal image of the caudal neural tube at 36 h post fertilization. Anti-Cobl staining reveals
apical localization of Cobl in ciliated cells. Cobl is localized as distinct apical puncta, visible in the pronephric ducts at 28 hpf (B), and in the nasal placodes at 3 dpf (C). (D) mCoblGFP
fusion proteins are able to concentrate apically in tissues where zfcobl is normally expressed. (E) Immunohistochemistry on transverse cryosections shows that Cobl localizes closely
with apical F-actin in the pronephric duct. Arrows point to apical Cobl puncta. Asterisks denote lumens. Dashed lines demark basal laminae. F-actin (phalloidin), cilia (aTub, anti-
acetylated tubulin), basal bodies (gTub, anti-gamma tubulin).
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caused no signiﬁcant defects in the left-right orientation of heart
looping on its own, co-injection of small amounts of both cobl-MOb
and cobl-MOa resulted in a similar randomization of laterality as seen
with full doses of cobl-MOa (Fig. 3I). While these two morpholinos
synergized to cripple Cobl function in left–right patterning, these
combined levels led to none of the other later phenotypes associated
with cobl-MOa. These data suggest that left-right asymmetry is
relatively sensitive to reduced Cobl levels.
Length of motile cilia depends on cobl function
Our ﬁndings of left-right axial patterning defects strongly suggest
cilia problems in Kupffer's vesicle, but do not distinguish between
defects in cilia structure and cilia function. To address cilia structure,
6–10 somite stage cobl-MOa morphant embryos were stained with
anti-acetylated tubulin, which labels stabilized microtubules in cilia.
Morphant embryos displayed signiﬁcant deﬁcits in cilia length in
Kupffer's vesicle that were dose-dependent relative to the amount of
morpholino injected (Fig. 5A–C). In contrast, no signiﬁcant difference
was observed in the number of cilia between control and morphant
embryos (Fig. 5J). Embryos injected with a reduced dose of cobl-MOa
together with cobl-MOb showed cilia length reduction similar to
embryos injectedwith a full dose of cobl-MOa. A reduction in Kupffer's
vesicle cilia length has been shown to result in a failure to provide the
necessary ﬂuid ﬂow in Kupffer's vesicle to promote appropriate left-
right asymmetric patterning (Kramer-Zucker et al., 2005). Our data
suggest that the shortening of motile cilia resulting from a substantial
reduction in Cobl leads to insufﬁcient ﬂow of asymmetry cues in
Kupffer's vesicle.
We observed similar ciliogenesis defects in other epithelial tissues
with motile cilia, such as the pronephric duct. The cilia in the
pronephros are relatively long, stretching into the lumen far from the
cells from which they protrude (Fig. 2B, D). In embryos injected withcobl-MOa, pronephric cilia at 24 hpf showed a signiﬁcant reduction in
length (Fig. 5D–F). This defect was also observed in the later-
developing multi-ciliated cells (Fig. 5G–I). As in Kupffer's vesicle, this
striking reduction in length was not associated with a decreased
number of pronephric cilia (Fig. 5K). In that motile cilia are required
for propagation of ﬂuid toward the cloaca for removal (Kramer-
Zucker et al., 2005), the reduced length of pronephric cilia is likely the
cause of the observed pronephric tubule dilation and glomerular cysts
in morphants, due to ﬂuid build-up. In contrast to motile cilia in these
tissues, primary cilia length and distribution in the surrounding tissue
appeared unaffected (Supp. Fig. 6). Collectively, our data indicate a
broad requirement for Cobl in motile ciliogenesis in the zebraﬁsh.Requirement for Cobl in proper organization of apical actin ﬁlaments
Given that Cobl's only known functional activity is an in vitro
ability to nucleate actin ﬁlaments from G-actin monomers (Ahuja
et al., 2007), we used immunoﬂuorescence to determine the impact of
Cobl deﬁciency on the actin cytoskeleton in tissues where Cobl shows
enriched expression. Using phalloidin to label ﬁlamentous actin, we
analyzed levels of F-actin in Kupffer's vesicle in control and morphant
embryos. Maximum intensity projections of confocal z-stacks through
morphant embryos showed a signiﬁcant reduction in F-actin
throughout Kupffer's vesicle (Fig. 6A–C). We speculated that Cobl
might be contributing particularly to the formation of the apical actin
cap subjacent to cilia. Vertical cross-sections through cells in Kupffer's
vesicle were analyzed to speciﬁcally address changes in apical F-actin.
The results show that the loss of phalloidin staining in morphant
Kupffer's vesicles involves a signiﬁcant reduction in apical F-actin
(Fig. 6D–F), especially conspicuous at the apical junctions of adjacent
cells. Recent studies in mouse, Xenopus, and zebraﬁsh have indicated
a role for the apical actin meshwork in cilia formation (Oishi et al.,
2006; Park et al., 2006, 2008; Pan et al., 2007; Panizzi et al., 2007). Our
Fig. 3.Morpholino-induced knockdown of zfcobl. (A) Morpholino target sites on cobl transcript. Zfcobl-MOa binds the intron 1–exon 2 boundary. cobl-MOb binds the intron 7–exon
8 boundary. (B) RT-PCR showing morpholino induced splice variants of cobl. cobl-MOa can induce splicing out of exon 2, use of a cryptic splice site within exon 2, or the retention of
intron 1, causing a signiﬁcant depletion of WT cobl. cobl-MOb can cause splicing out of exon 8 or retention of intron 7 but shows a limited effect on cobl. (C–E) Control and cobl
morphant embryos at 28 hpf. Morphants display curved/twisted body and axis elongation defects (n=642). Class 1 morphants exhibit a curved-down body shape (D). Class 2
morphants exhibit more severe defects including reduced axis length, decreased head size, curved-down body shape, and a curled posterior tail (E). Scale is the same among C–E.
(F–I) Control cmlc2-GFP embryos show normal leftward jogging at 30 hpf hpf. coblmorphant embryos exhibit leftward (F), rightward (G), and unjogged (H) hearts. (I) Bar graph
depicting looping direction variability of cobl morphant hearts. Embryos injected with 6 ng of cobl-MOa and synergistic doses of cobl-MOa+MOb exhibit randomized cardiac
looping relative to controls and sub-threshold doses of the morpholinos. Scale bar in H represents 100 μm. (J–K) Transverse histological sections of 3 dpf morphant embryos
reveal kidney cysts, not found in control embryos. NC=notochord. Asterisks mark the lumen of the glomerular cysts. Arrows in J and K point to proximal convoluted tubules. These
tubules also appear dilated in morphants relative to controls. (L–M) Transmission electron micrographs of sections through the medial tubules of the pronephros at 48 hpf. Morphant
tubules appear dilated and often show cilia extending perpendicular to the apical surface. Scale bars in L–M represent 2 μm. Absorbing cells (=AC) are false-colored green. Multi-ciliated
cells (=MCC) are false-colored red.
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underlying motile ciliogenesis in zebraﬁsh.
Reduction of Cobl does not disrupt basal body localization
Previous studies have identiﬁed a role for apical actin in trafﬁcking
of the basal bodies to the apical surface of ciliated cells (reviewed by
Vladar and Axelrod, 2008); given the decreased apical actin staining
underlying motile cilia in zfcobl morphants, we assayed them fordisruptions in basal body localization and docking. Using transmission
electron microscopy, we visualized the proximal straight tubules of
the pronephros in 48 hpf control and morphant embryos in cross-
section (Fig. 3L–M, Supp Fig. 7). Despite the dilated medial tubules
suggestive of deﬁcient ciliary function of the morphants, we detected
no differences in the structure or apical localization of basal bodies
between morphants and wild-type controls (Supp. Fig. 7C–E).
Moreover, analysis of the ciliary axoneme revealed no abnormalities
in the 9+2 microtubule structure of motile cilia (Supp. Fig. 7F–G).
Fig. 4. cobl morphants display abnormal left–right molecular asymmetry. RNA in situ hybridization of spaw (A-D) in control and morphant embryos from 16 to 20 somites. (E) Bar
graph showing the percentage of treated embryos displaying spaw expression on the left, right (R), bilaterally (Bi) or absent expression (Abs). RNA in situ hybridization of pitx2
(F–I) in control and morphant embryos from 19 to 23 somites. (J) Bar graph showing the percentage of treated embryos displaying the pitx2 expression pattern seen in F–I.
Normally, spaw and pitx2 expression is induced only in the left lateral plate mesoderm by signals originating from Kupffer's vesicle. Morphants express these genes on either the
left or right sides, both sides, or not at all. Arrows indicate expression domain of spaw and pitx2.
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depletion does not result from a failure of basal body localization or
gross defects in axonemal structure.
Discussion
In this study, we have characterized the structure and function of
the zebraﬁsh ortholog of cordon-bleu, a vertebrate actin nucleator. It is
expressed maternally as well as zygotically, evolving from essentially
a uniform distribution to enrichment in speciﬁc tissue and organ
domains as development proceeds. We have used the zebraﬁsh
embryo as a model to address potential requirements for Cobl in vivo,
as such data were lacking from studies in other model organisms. We
found that Cobl is essential for zebraﬁsh development, its depletion
resulting in a number of phenotypes that reﬂect a common
requirement for zfCobl in the development of motile cilia. This role
may reﬂect a need for zfCobl in proper construction of the apical actin
meshwork underlying the cilium.
Characterization of the zebraﬁsh cordon-bleu ortholog and its expression
Our molecular characterization of cordon-bleu homologies in the
zebraﬁsh genome revealed the presence of a clear cobl ortholog, with
very high conservation of the three signature, N-terminal KRAP
repeats and the three C-terminal WH2 domains (Carroll et al., 2003).
Other homologous sequences were identiﬁed as well, but as judged by
sequence and synteny, these appear to be orthologous to the mouse
CoblL1 locus. Because these related genes lack the known functional
domains of Cobl, we did not characterize them further.
Zfcobl is expressed maternally and zygotically, with seemingly
uniform distribution until well after gastrulation. This is in contrast to
the early spatiotemporal expression pattern in mouse and chick, in
which Cobl is ﬁrst expressed in the node (Henson's node) as it forms at
the end of gastrulation, and is then expressed in the notochord,
ﬂoorplate of the neural tube, and dorsal foregut (Carroll et al., 2003).In zebraﬁsh, prominent expression occurs in Kupffer's vesicle, the
functional equivalent of the node (Solnica-Krezel, 2005), and in the
ﬂoorplate, but not in the notochord or dorsal foregut. Later, as
organogenesis begins, the expression patterns of Cobl among these
species show many similarities, particularly in the epithelial cells of
many developing organs.
Epithelial enrichment of zfcobl expression occurs during the
formation of many organs, including the neural tube, the pronephros,
the otic vesicles and the nasal placodes. The common feature of these
sites is that they are all epithelia decorated with motile cilia. The
antibody we generated revealed that within this context, Cobl protein
is localized predominantly in the apical ends of cells, i.e., subjacent to
cilia, and in close association with the apical actin cap.
Requirement for Cobl in elongation of motile cilia
Depletion of Cobl in zebraﬁsh using antisense morpholinos causes
a variety of morphological phenotypes, including abnormal body
shape, randomization of left-right asymmetry, and glomerular cyst
formation. These morphological defects are similar to those seen in a
class of mutants corresponding to genes involved in cilia formation
and function (Drummond et al., 1998; Sun et al., 2004; Zhao and
Malicki, 2007; Sullivan-Brown et al., 2008).
We observed a dramatic reduction in motile cilia length in
multiple tissues in cobl morphant embryos, studied in detail in the
pronephros and in Kupffer's vesicle. We detected no signiﬁcant
reduction in the numbers of motile cilia in these organs, but the
lengths of virtually all motile cilia appeared to be greatly truncated. In
both organs, the morphological phenotype observed can be explained
by diminished cilia length. In Kupffer's vesicle, rotation of cilia creates
an asymmetry using ﬂuid ﬂow within the vesicle, driving cues to the
left and ultimately activating gene expression on the left side of the
embryo (Bakkers et al., 2009). Short cilia would be less able to sweep
the cues toward distinct asymmetry, resulting in the randomization
we observed. In the pronephros, long motile cilia drive ﬂuid ﬂow
Fig. 5. Zfcobl morphants exhibit reduced motile cilia length. Anti-acetylated tubulin staining reveals shortened cilia in Kupffer's vesicle at eight somites in control (A) and cobl
morphant (B) embryos. (C) Bar graph showingmean cilia length inmicrons (um). Control embryos have amean cilia length of 6.75 μm in Kupffer's vesicle. KV cilia in coblmorphants
show an average reduction of 20–50% in length. n values: controls=694 cilia, MOa(6 ng)=2011, MOa(3 ng)=738, MOb(16 ng)=579, MOa+MOb=574. p value: C=b0.0001*
(each pair). (D–E) Anti-acetylated tubulin staining reveals reduced cilia length in the pronephros at 24 hpf in coblmorphants. (F) Bar graph showing mean cilia length in microns. n
values: controls=167cilia, MOa=153. p value: F=b0.0001*. (G–H) Anti-acetylated tubulin staining reveals reduced cilia length on multi-ciliated cells in the pronephros at 48 hpf.
(I) Bar graph showing mean multi-cilia length in microns. n values: controls=19, MOa=20. p value: I=b0.0001*. Cilia number is unaffected in coblmorphants relative to controls.
(J) Bar graph depicting average cilia number in Kupffer's vesicle in 8-somite control embryos vs. coblmorphant embryos. No signiﬁcant difference is observed between controls and
the various morphant groups. (K) Bar graph depicting average cilia number in the pronephric ducts in 24 hpf control embryos vs. cobl-MOa embryos. Z-stacks were taken through
the middle region of the pronephric duct (~141 μm length frame). Cilia were stained with anti-aTub and anti-gTub and counted. Error bars represent one standard error from the
mean. p values for controls versus morphants all N0.05. Bar with asterisk highlights speciﬁc signiﬁcance. Arrows in A–B, D–E, G–H point to cilia. Scale bars represent 10 μm.
107A.M. Ravanelli, J. Klingensmith / Developmental Biology 350 (2011) 101–111during organogenesis; deﬁcient cilia motility causes ﬂuid accumula-
tion and organ distension in domains relevant to where cysts form in
some human diseases (Kramer-Zucker et al., 2005; Sullivan-Brown
et al., 2008). Accordingly, stubby cilia would likely be much less
effective at creating ﬂuid ﬂow down the pronephric tubule, causing a
build-up manifesting as the proximal ﬂuid ﬁlled cysts and dilated
tubules we observed. Indeed, deﬁcient FGF signaling results in
reduced cilia length and causes both left–right laterality defects and
glomerular cysts like the phenotypes we observe (Neugebauer et al.,
2009).
In contrast to the morphological defects we observed in motile
cilia, we observed no obvious defect in the size, shape, or distribution
of primary cilia in tissues immediately adjacent to the region ofKupffer's vesicle. With the caveat that our system may not be
completely devoid of Cobl activity, this raises the possibility that
different molecular mechanisms underlie the formation of motile
versus primary cilia.
Consistent with this view, foxj1amorphant ﬁsh and foxj1−/−mice
have primary cilia but lack motile cilia, with very little projection of a
cilium above the cell surface (Pan et al., 2007; Yu et al., 2008). In
murine tracheal epithelial tissues cultured ex vivo from foxj1−/−mice,
volume-rendered apical actin in multi-ciliated cells was visibly
reduced. These phenotypes may result from a reduction in activated
RhoA, resulting in reduced actin formation and basal body docking
(Gomperts et al., 2003; Pan et al., 2007). Although Foxj1 appears to
transcriptionally regulate many genes involved in ciliogenesis (Yu
Fig. 6. Reduction of Cobl causes a reduction of apical F-actin in Kupffer's vesicle. (A–B) Maximum intensity projection of 0.8 μm confocal z-stacks of Kupffer's vesicle, stained for cilia
and actin. cobl morphant embryos with short cilia show deﬁcits in the amount of F-actin staining by phalloidin. (C) Bar graph of pixel intensity of F-actin in Kupffer's vesicle in
controls vs. coblmorphants. Morphant embryos exhibit a signiﬁcant decrease in the amount of F-actin. (D–E) Confocal images of cells in Kupffer's vesicle showing cilia and F-actin.
(F) Bar graph of pixel intensity of apical F-actin in Kupffer's vesicle cells in controls vs. cobl morphants. Morphant embryos exhibit a signiﬁcant decrease in the amount of F-actin
present at the apical surface of cells. Dashed lines outline Kupffer's vesicle. Arrows demark cortical F-actin. F-actin (phalloidin), cilia (anti-acetylated tubulin), DNA (DAPI). n values:
control=12, MOa=7. p values: C=0.0012*, F=0.0283*. Error bars represent one standard error from the mean. Scale bar represents 10 μm.
Fig. 7. Model for the role of Cobl in motile ciliogenesis. Cobl is an actin nucleator
enriched at the apical actin cap in ciliated epithelial cells. Loss of Cobl protein results in
a decrease in the amount of apical F-actin in these cells. Because the apical actin cap is
required for trafﬁcking of some ciliary and cilia-associated proteins to elongate a motile
cilium, Cobl morphants display cilia failure in cilia elongation.
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localization of zfCobl (Supp. Fig. 8). This may reﬂect that whereas Foxj1
is a master regulator of the genes regulatingmotile cilia formation, Cobl
is required speciﬁcally for the later process of motile cilia elongation.
Cobl may facilitate assembly of the apical actin cap underlying motile
cilia
The functions of Cobl with respect to actin have been assessed to
date through in vitro assays (Ahuja et al., 2007). In cell-free systems,
Cobl can function as a potent actin nucleator, converting actin
monomers into ﬁlaments. In cultured cells, Cobl can promote cellular
protrusions consistent with actin remodeling, while depletion of Cobl
may reduce such complexity. Our immunohistochemistry indicated
that Cobl protein localizes in close proximity to apical ﬁlamentous
actin. Intriguingly, transgenic data suggest that such localization can
occur even in the absence of the G-actin binding WH2 domains. This
implies that other regions of the Cobl protein also interact with
proteins in the general domain of the apical cytoskeleton.
Our confocal imaging analysis shows that depletion of Cobl
speciﬁcally reduces the amount of phalloidin staining in the apical
region of ciliated epithelial cells in Kupffer's vesicle. By contrast, actin
staining in more basal domains of the cells was not signiﬁcantly
altered. These results suggest that Cobl promotes the production or
maintenance of the cells’ apical actin meshwork. Consistent with
studies in cell-free systems and in cultured cells (Ahuja et al., 2007),
these results are the ﬁrst in vivo evidence supporting a role for Cobl in
actin dynamics.
Actin dynamics and ciliogenesis
Zebraﬁsh Cobl is a putative actin nucleator localized predomi-
nantly in the apical region of epithelial cells bearing motile cilia. Its
depletion results in reduced apical actin staining coupled with
dramatic reductions in the length of motile cilia in multiple organsand stages of development. Thus, zebraﬁsh Cobl may nucleate new
actin ﬁlaments important for cilia elongation (Fig. 7).
Our results imply that nucleation of actin ﬁlaments in the vicinity
of the motile cilial base promotes axonemal elongation. This must be
considered in view of a rapidly expanding literature that suggests
both positive and negative roles for actin in ciliogenesis. Over a dozen
other studies have concluded a positive relationship between actin
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Recently, several studies have led to a model that actin ﬁlaments
subjacent to the cilium create a necessary infrastructure for the
localization of the basal body to the apical membrane (Park et al.,
2006, 2008; Pan et al., 2007; Panizzi et al., 2007; Vladar and Axelrod,
2008). Yet basal body localization and structure appear to be normal in
coblmorphants, at least as assayed by ﬂuorescence immunohistochem-
istry and transmission electron microscopy. Our results suggest that an
additional positive role for actinﬁlaments, facilitated byCobl function, is
speciﬁc for the elongation of the microtubule-based axoneme.
Recent studies of membrane dynamics surrounding the cilium
have supported a role for vesicle trafﬁcking and actin polymerization
in the ciliary pocket during ciliogenesis (Molla-Herman et al., 2010;
Rattner et al., 2010). These studies implicate the ciliary pocket as an
actin-cilium interface organelle. Actin ﬁlaments subjacent to the
cilium may provide a track for the delivery of the molecular com-
ponents necessary for its formation and maintenance. Thus, depletion
of Cobl may cause defective trafﬁcking of proteins to the cilium that
are required for axonemal elongation. In vitro, Cobl nucleates long,
unbranched actin ﬁlaments (Ahuja et al., 2007); thus, in this scenario,
Cobl would help build the tracks for delivery of molecular cargo to the
immature motile cilium.
There are also recent ﬁndings that suggest actin polymerization
inhibits ciliogenesis. Analysis of several actin regulators, including
cortactin and the Arp2/3 complex, suggests that their activity inhibits
ciliogenesis in cultured mesenchymal and retinal epithelial cells
(Bershteyn et al., 2010; Kim et al., 2010). Moreover, treatment of these
cells with cytochalasins, which inhibit actin ﬁlament polymerization,
increased primary cilia length. These ﬁndings stand in contrast to the
results of a previous study in which quail epithelial explants were
treated with cytochalasin, leading to decreased cilia length (Bois-
vieux-Ulrich et al., 1990).
We suggest that the consequences of disrupting actin dynamics on
ciliogenesis are context-dependent. The experiments in the many
studies relevant to this issue have employed multiple experimental
approaches in diverse cells assayed under differing conditions, with
some assays in vitro and some in vivo, some focusing on primary cilia
and some on motile cilia. The variable results might therefore reﬂect
the signiﬁcant differences in experimental design, at least in part.
Alternatively, the differences may be a clue that ciliogenesis is not a
single process, but an orchestrated series of molecular and cellular
events, in which actin might have different roles at different stages in
the natural history of a cilium. The important structural and functional
differences between primary and motile cilia further suggest that
there might be multiple roles for actin that depend on the nature of
the cilium.
It is clear that the assembly, protrusion and elongation of the cilium
require a highly regulated actin cytoskeletal network to generate this
complex organelle. Defects in this network might lead to disruptions to
motile ciliogenesis that can manifest as a variety of clinical complica-
tions, including neural tube defects, retinopathies, renal cysts, deafness
and heterotaxy; these are collectively labeled as ciliopathies (Tobin and
Beales, 2007; Gerdes et al., 2009; Roy, 2009). Given that cilia have been
implicated in the pathogenesis of many disorders, the cellular
mechanisms involved in ciliogenesis must be elucidated. The results
presented here are the ﬁrst loss-of-function studies of a tissue-speciﬁc
actin nucleator in vivo. Our data indicate that in zebraﬁsh, the cobl gene
product has a positive role in generating functional motile cilia,
potentially by modulating the actin cytoskeleton underlying the cilium.
Materials and methods
Fish husbandry, genetic strains and embryo collection
Outbred Ekkwill and cmlc2-GFP (gift from Ken Poss) zebraﬁsh
were maintained according to standard protocols (Westerﬁeld, 2000)in the Duke Department of Cell Biology Zebraﬁsh Facility, and used in
protocols approved by Duke University IACUC. Embryos were
collected by natural spawning and cultured in ~100 mL egg water
(20 L RO/EDI water, 6 g instant ocean, 1.5 g calcium sulfate, 0.75 g
sodium bicarbonate, ~15 drops of 2.5% methylene blue) at 28.5 °C.
Zebraﬁsh embryos were staged according to h post fertilization (hpf)
and morphological criteria (Kimmel et al., 1995).
Isolation of zfcobl
Total mRNA was extracted from developing Ekk embryos between
one cell and 24 hpf using Trizol (Invitrogen). Pools of cDNA were
synthesized using the SuperScriptIII kit (Invitrogen). 5'RACE was
performed to conﬁrm the cobl N-terminus and 5'UTR using the
FirstChoice RLM-RACE kit (Ambion). zfcobl 5'RACE primers: exon 1:
5’-CGT TGC GTC TCC CAA ATT CAT CTG TCA TCA ACT G-3’; exon 2: 5’-
CAT TGA TGG TGG TCT GGT ACC CTG TGG GAA GAC-3’. zfcobl was
cloned in three fragments . Fragment #1: 5’-GGA ATT CCG CCT GGA
CGT ACG AGT GAT T-Fwd and 5’-CAG ACG CTC CAT CTG AGT GA-Rev
(EcoRI-XbaI). Fragment #2: 5’-GCA AGT CCT CGC TCT ACA CC-Fwd
and 5’-GAA CTT GTC GGC TTT TCT GC-Rev (XbaI-HinDIII). Fragment
#3: 5’-TGA ACA GGG CAA CAT GGT TA-Fwd and 5’-CCG CTC GAG CGG
GCT GTA ATT GGC AGG TGG AT-Rev (HinDIII-XhoI). Fragments were
digested with the appropriate restriction endonucleases and cloned
into pBSKII.
RNA in situ hybridization
To detect zfcobl expression patterns in vivo, a fragment of zfcobl
cDNA was ampliﬁed from plasmid DNA containing exons 3–8, using
primers: 5’-GGA ATT CCA ATG AAT GTT GTT GGA AAA AAG-Fwd, and
5’-CCG CTC GAG CGG TTA GTG CCC GTA AGAGAG GGG-Rev. Sense and
antisense probes for zfcoblwere made with digoxigenin (dig)-labeled
NTPs (Roche). RNA probes were hydrolyzed to 400–600 bp fragments
using 0.4 M sodium bicarbonate, 0.6 M sodium carbonate, RNA
(1:1:8) for 15 min at 60 °C. Antisense probes for southpaw (spaw)
(Long et al., 2003) and pitx2 (Tsukui et al., 1999) were prepared as
described previously. We performed in situ hybridization based on a
previously published protocol (Thisse and Thisse, 2008). Embryos
were ﬁxed at the stages indicated and processed essentially as
previously described (Thisse and Thisse, 1998). zfcobl Hybridization
buffer: 65% deionized formamide, 2xSSC (pH 5), 0.25% CHAPS, 5 mM
EDTA, 0.1% Tween-20, DEPC treated ddH2O to volume, pH to 6 with
citric acid, 50 μg/mL Heparin, 50 μg/mL yeast tRNA. dig-labeled probes
were hybridized at 69 °C. Antibody block: (2% sheep serum, 2 mg/mL
BSA, 1xDEPC-TBST.
Antibody production
Polyclonal antibodies were developed against two epitopes of
zebraﬁsh Cordon-bleu. The ﬁrst antigen contained the second two
KRAP motifs, from amino acids 110–370. This peptide was made from
zfCobl isoform 2, missing exon 6, resulting in the absence of amino
acids 254–279. The second antigen used contained all three WH2
domains, from amino acids 1020–1330. These sequences were
subcloned using the Gateway vector kit (Invitrogen) into pENTR,
and recombined into pDEST15 (GST-) and pDEST17 (6xHis-) for
immunization and afﬁnity puriﬁcation, respectively. Fusion proteins
were puriﬁed using glutathione sepharose 4B beads (Amersham
Biologicals) or Ni-NTA agarose beads (Qiagen). Rabbits and guinea
pigs were immunized with GST-Cobl fusion peptides by Cocalico
Biologicals, Inc.
The presence of speciﬁc antibodies in the antisera was conﬁrmed
by Western blot against the 6xHis-tagged epitopes. Speciﬁcity of the
antibodies was tested by immunocytochemistry in human bronchial
epithelial (HBE) cells (Supp. Fig. 3B). Anti-zfCobl antibodies recognize
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developed against the N-terminus of mouse Cobl (Supp. Fig. 3; anti-
mCobl antibodies: unpublished results E. Driver, L. Custer and J.
Klingensmith). Additionally, anti-zfCobl antibodies are able to
immunoprecipitate a band of predicted size for zfCobl (147 kDa;
data not shown). Polyclonal zfCobl antibodies were afﬁnity puriﬁed
from antisera using 6xHis-fused Cobl-WH2 peptides bound to Afﬁx-
Gel 10 gel (BioRad).
Immunohistochemistry
Embryos were grown to the desired stage and ﬁxed 2–15 h at 4 °C
in 4% paraformaldehyde.Wholemount primary block: 2% normal goat
serum, 1% BSA, 0.1% ﬁsh skin gelatin, 0.1% Triton X-100, 0.05% Tween-
20, 0.05% sodium azide, 0.01 M phosphate buffered saline (ph 7.2).
Whole mount secondary block: [primary block] without 2% NGS.
Immunohistochemistry block: TBS containing 5% FBS, 1% BSA, 0.1%
TritonX-100 (Hogan et al., 1994). Antibodies: anti-acetylated tubulin
(Sigma), anti-gamma tubulin (Sigma), Alexa Fluor-conjugated Phal-
loidin (Invitrogen), Alexa Fluor-conjugated secondary antibodies
(Invitrogen), and DAPI nucleic acid stain. Stained embryos were de-
yolked and mounted on slides for imaging. Embryos and tissue
sections were mounted in Fluoromount G (Southern Biotech) or
FluorSave Reagent (Calbiochem).
Electron microscopy
2 dpf embryos were phenotypically sorted and ﬁxed overnight at
4 °C in 0.1 M Na cacodylate buffered 4% glutaraldehyde. Embryos
were processed and embedded in Epon resin and sectioned at various
positions along the medial pronephric tubules at 70 nm ultra thin
sections by the Duke Electron Microscopy Service.
Image acquisition and analysis
Immunostainingwas visualized using Zeiss AxioVision software on
a Zeiss AxioPlan2 epiﬂuorescent upright microscope with a Zeiss
AxioCamMRm camera, or via Zeiss Zen software on a Zeiss 710 Meta
confocal microscope. Whole mount color images were taken using a
Leica MZ12 dissecting microscope with a Leica DFC300 color camera.
Transmission electron micrographs were taken using a Philips CM12
transmission electron microscope. Images were analyzed and pro-
cessed using ImageJ (NIH, http://rsb.info.nih.gov/ij/), MetaMorph
(Molecular Devices), and Adobe Photoshop. Statistical analysis was
conducted using Microsoft Excel and JMP® (Version 8. SAS Institute).
Cilia were traced and measured using the NeuronJ plugin in the
ImageJ freeware (Rasband, 2009; NIH). Pixel intensity was measured
between samples processed and imaged identically, using Meta-
morph. Error bars were constructed using one standard error from the
mean.
Morpholinos and microinjection
Custom-designed morpholinos were purchased from Gene-Tools,
Llc. To reduce zfcobl levels, we injected either 3–6 ng of cobl-MOa (5′-
CCT GGG CCT TCA TTC TCC TCC TGT C-3′with or without Fluoroscein)
or 4–16 ng of cobl-MOb (5′-CAA GGC TTA TCT AGA GAT GGA GAC A-
3′). An invert sense control morpholino to cobl-MOa was used as a
negative control (5’-CTG TCC TCC TCT TAC TTC CGG GTC C-3’).
Morpholinos were injected with or without anti-p53MO (Robu et al.,
2007). Morpholinos were dissolved in H2O (Sigma) and 1 nL volumes
were injected into embryos at the one-cell stage. Injected embryos
were injected in Hank's embryo medium (Westerﬁeld, 2000; Lance
et al., 2004), and cultured as described above. Zfcobl morphant
embryos were assessed for morpholino efﬁcacy using RT-PCR. RNA
was collected from live embryos at various stages between shield and24 h post fertilization using Trizol (Invitrogen). cobl-MOa RT-PCR
primers used to detect loss of Exon 2 were 5’-ATG AAT TTG GGA GAC
GCA AC-Fwd and 5’-CTT AAA GCT GAC GGG CTG AG-Rev. cobl-MOa
RT-PCR primers used to detect retention of Intron 1 were 5’-TCT CTT
CCG AAT GTT TTT GAC A-Fwd and 5’-ACA GAT CCA CCA GCA GAT CC-
Rev. Primers used for Q-PCR analysis of cobl in MOa morphants were
5’-GGG AGA CTG CAA GGA AAA CA-Fwd and 5’-GAC ATG GGC TGG
ATC AAA CT-Rev. cobl-MOb RT-PCR primers used to detect loss of Exon
8 were 5’-CAA GTG GTC CAT GTG TGG AG-Fwd and 5’-ATG TCC ATG
GGT GAC ACA GA-Rev. cobl-MOb RT-PCR primers used to detect
retention of Intron 7 were 5’-GCC AGA AGG CCG TGG TTC GAG-Fwd
and 5’-GCC TCA GTA ACT GTC CGG GAC TG-Rev.
Cobl-GFP transgenes
GFP fusion transgenes were designed based on variations of the
mouse Cobl cDNA (mCOBL=aa1-1337(full length); mCOBLΔWH2c=
aa1-1262; mCOBLWH2=aa1031-1337). cDNAs were ﬁrst cloned in
frame into the pEGFP vectors (Clontech), then subcloned into pH SP70-
2mi (gift from Ken Poss). Linearized DNA was injected into one-cell
zygotes at 35 ng/μl. Embryos were heat-shocked at various stages
from 1000-cell to 48 hpf at 38 C for 10–45 min and assayed GFP
expression 5–24 h post heat-shock.
Supplementarymaterials related to this article can be found online
at doi:10.1016/j.ydbio.2010.11.023.
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